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Abstract Vegetated ditches and wetlands are important
sites for nutrient removal in agricultural catchments.
About half of the influx of inorganic nitrogen can be
removed from these ecosystems by denitrification.
Previous studies have shown that denitrification in aquatic
ecosystems is strongly temperature dependent, resulting
from temperature-dependent oxygen availability. Here,
we study short-term temperature effects on sediment oxy-
gen demand (SOD) and the maximum depth of oxygen
penetration into the sediment (Z), in relation to overall
denitrification rates. We set up sixteen wetland micro-
cosms at four different temperatures (11–25 °C), in which
we determined SOD and Z from sediment oxygen
microprofiles. Denitrification rates were measured using
15N-labeling, analysed by membrane inlet mass
spectrometry. Temperature strongly affected sediment ox-
ygen dynamics. SOD exponentially rose with temperature,
ranging from 0.37 to 1.53 g m−2 d−1 (Q10 = 2.4).
Correspondingly, warming led to shallower oxygen pene-
tration into the sediment, ranging from 4.12 to 2.08 mm.
Denitrification rates increased with warming (Q10 = 2.6),
ranging from 8.4 to 86 μmol N m−2 h−1. The results of
this short-term experiment confirm the potential increase
of denitrification with rising temperature, promoted by
lower oxygen availability in the top layer of the sediment,
which supports the understanding of denitrification vari-
ability in freshwaters.
Keywords Agricultural wetland . Biogeochemistry . Climate
change . Denitrification .Membrane inlet mass spectrometry
(MIMS) . Nitrogen cycling
Introduction
Climate change is projected to lead to an increase in the
average global temperature of more than 2 degrees
Celsius by the end of the twenty-first century (IPCC
2014). At the same time, nitrogen pollution is expected
to increase, due to intensification of agricultural and in-
dustrial activities. This can amplify eutrophication effects
in freshwater and coastal habitats, and increase the emis-
sion of the potent greenhouse gas N2O (Erisman et al.
2013; Stein and Klotz 2016). Currently, the altered flow
of reactive nitrogen into ecosystems is already one of the
most pressing global environmental issues (Steffen et al.
2015). Freshwater ecosystems, such as wetlands and shal-
low lakes, can buffer effects of nitrogen pollution by
transforming nitrogen in their sediments, water column,
and biota (Saunders and Kalff 2001). Vegetated ditches
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in wetland areas act as nitrogen filters in the agricultural
landscape, removing a large proportion of nitrogen before
they drain into connected rivers and lakes (de Klein 2008;
Veraart et al. 2016). These ditches are common freshwater
ecosystems in low-lying agricultural areas and peatlands,
constituting natural sediment and bank vegetation similar
to wetlands (Herzon and Helenius 2008). In the
Netherlands, ditches are an important ecosystem type,
covering an area similar to that of shallow lakes or rivers.
Their tight terrestrial-aquatic coupling makes them bio-
geochemical hotspots. In these ecosystems, denitrification
- the microbial conversion of nitrate (NO3
−) or nitrite
(NO2
−) via nitric oxide (NO) and nitrous oxide (N2O) to
dinitrogen gas (N2) - can remove more than half of the
ni t rogen inf luxes , making i t a c ruc ia l process
counteracting eutrophication (de Klein and Koelmans
2011; Veraart 2012). However, because denitrification on
average produces 1-5% of its gaseous end product in the
form of N2O, enhanced denitrification rates can also pose
a strong, yet understudied, positive feedback on global
warming (Veraart et al. 2011; Hanke et al. 2015).
Denitrification is a major sink for inorganic nitrogen in
freshwater ecosystems, however, several studies in the
past two decades have demonstrated that anaerobic am-
monium oxidation (anammox) can also significantly con-
tribute to N removal (Risgaard-Petersen et al. 2003;
Seitzinger et al. 2006). Denitrification is carried out by a
wide range of microorganisms, most of which are facul-
tative anaerobes, which will only denitrify once oxygen
becomes limiting (Knowles 1982). Denitrifiers use organ-
ic carbon (canonical heterotrophic denitrification), sul-
phide, or hydrogen (chemolithoautotrophic denitrifica-
tion) as an electron donor (Burgin et al. 2012). Or, in
the special case of methane-oxidation dependent denitrifi-
cation, methane reduction and oxidation are coupled to
nitrite dismutation (Ettwig et al. 2010; Stein and Klotz
2016). Because of the prevailing nitrate and oxygen con-
centrations, freshwater denitrification activities are often
highest at the oxic-anoxic boundary layer in the sediment,
in particular at sites where the diffusion path of nitrate
from the overlying water to the anoxic denitrification
zone is small, i.e. when oxygen penetration into the sed-
iment is shallow (Risgaard-Pedersen et al. 1994). Here,
denitrification can be tightly coupled to nitrification, the
aerobic oxidation of ammonium to nitrate, which takes
place in the oxygenated top layer of the sediment
(Seitzinger et al. 2006). The strength of this coupling de-
pends on nitrogen availability and presence of oxic-anoxic
interface. Thus, sediment oxygen concentrations, sedi-
ment oxygen demand and associated oxygen penetration
depth will be important drivers of denitrification.
All enzymatic reactions are affected by warming, both as a
direct effect on enzyme activity and by indirect temperature
effects on substrate availability. Recent studies indicate that
within freshwater sediments and phototrophic biofilms,
warming can strongly increase denitrification rates (Bonnett
et al. 2013), due to temperature-regulated oxygen concentra-
tions (Veraart et al. 2011; Bouletreau et al. 2012). However, in
these studies oxygen concentrations were measured in the
water column, whereas most denitrification takes place in
the sediment.
The zonation of respiratory organic matter degradation
and denitrification in a sediment profile is strongly linked
to the oxygen concentration at a given depth (Rysgaard
et al. 1994; Seitzinger 1994). Sediment oxygen demand
arises from respiration, most notably aerobic degradation
of organic material. Warming can affect sediment oxygen
demand and oxygen penetration depth in different ways.
On one hand, it can lower oxygen concentrations by re-
ducing oxygen solubility and by more strongly enhancing
respiration rates relative to photosynthesis (Hancke and
Glud 2004; Allen et al. 2005; Yvon-Durocher et al.
2010; Bouletreau et al. 2012). On the other hand, effective
diffusion rates of oxygen into the sediment will also in-
crease with rising temperature (Elberling and Damgaard
2001). Therefore, temperature effects on sediment oxygen
dynamics are expected to vary between sediments, de-
pending on carbon substrate and electron availability and
physical sediment structure.
Because sediment oxygen dynamics are driven by sev-
eral biotic and abiotic processes which each have their
own temperature response, effects of increased tempera-
tures on sediment oxygen demand, oxygen penetration
depth, and denitrification are not straightforward. To fur-
ther unravel the complexity of these interacting processes
we determine the short-term effects of temperature on ox-
ygen availability and uptake in ditch sediments. To this
end, we measured oxygen microprofiles in the top layer of
the sediment and denitrification rates in laboratory micro-
cosms at 11, 16, 21 and 25 °C. From the oxygen
microprofiles we determine the oxygen penetration depth
(Z) and the areal respiration rate, expressed as Sediment
Oxygen Demand (SOD), by fitting an oxygen flux model
to the data. The results of this analysis can contribute to a
better understanding of the carbon and nitrogen cycle in
ditches, which are important ecosystems in agricultural
environments.
Materials and Methods
Experimental Setup
We used a microcosm set-up to create an intermediate
system between core incubations and in-situ measure-
ments, as larger and less disturbed systems may better
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resemble environmental conditions. Sixteen microcosms
(V: 9 l, h: 26 cm, top Ø 24.7 cm, bottom Ø 18.5 cm) were
filled with 2 l sieved (mesh size 2 mm), homogenised
sediment and 6 l Smart and Barko medium (Smart and
Barko 1985), containing 1 mg l−1 nitrogen (NaNO3-N)
and 0.19 mg l−1 phosphorus (K2HPO4-P), to simulate nu-
trient concentrations in agricultural drainage ditches
(Veraart et al. 2016). The medium contained no additional
organic carbon. The sediment originated from a eutrophic
drainage ditch bordering an experimental farm in
Wageningen, the Netherlands (51°59′16.10″N, 5°39′
02.80″E, crop rotation), and contained approximately 8%
organic matter. This ditch is representative of agricultural
drainage ditches in the Netherlands and was selected be-
cause of confirmed high denitrification potential (Veraart
et al. 2016). The microcosms were pre-incubated for
7 weeks in a water bath at 17.5 °C, at a 12 h/12 h light/
dark regime, to allow for stabilization of sediment micro-
bial communities after relocation to the lab. The water
bath was only used to regulate temperature, each micro-
cosm had its own headspace of overlying water.
Headspaces were not mixed or artificially aerated, but left
to equilibrate with the atmosphere. Pre-incubation was not
yet done at variable temperatures to keep the microcosms
comparable at the start. Water loss by evaporation was
compensated for by weekly replenishing the microcosms
with deionised water. At the same time nitrate was
resupplied to the microcosms, adding 0.1 mg l−1 NO3-N,
to maintain summer nitrogen concentrations, which tend
to be nitrogen limited, though experiencing occasional
nitrogen pulses. After the incubation period, the micro-
cosms were placed at four different water temperatures
(11, 16, 21 and 25 °C), with four replicates per tempera-
ture treatment.
Oxygen Microprofiles
Microprofiles of oxygen concentration in the sediment
were measured 1 day after placing the microcosms at the
experimental temperature to allow for equilibration of
sediment conditions. Sediment oxygen microprofiles were
measured using a Unisense microelectrode equipped with
a high-precision micromanipulator (Unisense, Aarhus,
Denmark). Because we expect an important role of the
balance between respiration and photosynthesis on both
oxygen dynamics and denitrification, mimicking the actu-
al conditions in the ditches, oxygen profiles were mea-
sured after a period of 4–8 h of light irradiance (ca.
120 μmol photons m−2 s−1). Overlying water in the mi-
crocosms was not stirred, nor artificially aerated. Oxygen
concentrations were recorded at a 100 μm to 1 mm inter-
val, taken over a total depth of 38 mm, keeping the sensor
tip at each depth for around 30 s. From the obtained
microprofiles two major characteristics were determined:
sediment oxygen demand (SOD) and the oxygen penetra-
tion depth (Z). This was done by calibrating SOD and Z
for all individual profiles to fit a theoretical oxygen dif-
fusion model (Fig. 1).
Assuming that only molecular diffusion is responsible for
the supply of oxygen, a mass balance for a thin horizontal slice
of sediment with a unit surface area yields:
D
dC
dz

z
−D
dC
dz

zþΔz
¼ RΔz ð1Þ
D
d2C
dz2
−R ¼ 0 ð2Þ
with
D Dm.
C dissolved oxygen concentration (g m−3).
z depth (m).
R the volumetric respiration rate of the sediment (g m−3
d−1).
D apparent diffusion coefficient (m2 d−1).
Dm molecular diffusion coefficient (m
2 d−1).
sediment porosity (−).
Double integration of Eq. 2 (see Supporting Information)
gives:
C ¼ R
2D
Z−zð Þ2 ð3Þ
which is a parabolic profile for the concentration Cwith depth
z. Using the condition that at z = 0, C = C0 an expression for
Fig. 1 Oxygen concentration (C) at the water-sediment interface plotted
against depth (z). Starting from a water column concentration (C0)
oxygen decreases to zero at the oxygen penetration depth (Z)
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the oxygen penetration depth Z and SOD can be derived from
Eq. 3:
Z ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2C0D
R
r
ð4Þ
SOD ¼ R*Z ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2C0DR
p
ð5Þ
The molecular diffusion coefficient for oxygen in water
(Dm) is 1.18*10
−4, 1.36*10−4, 1.55*10−4 and 1.72*10−4 m2
d−1 at 11, 16, 21 and 25 °C, respectively (Han and Bartels
1996). Porosity of the cores was estimated from dry matter
and organic matter content (Avnimelech et al. 2001). Average
porosity showed to be 0.84 ± 0.09 (−).
For all individual cores the values for R, Z and the relative
position of the sediment-water -interface (z = 0) were derived
by fitting Eq. 3 to the measured oxygen profiles. Parameter
calibration was done by the solver in MS Excel, by
minimising the sum of squares. For the model fitting we used
the condition, that:
above sediment‐water interface : C ¼ C0 ¼ Z2R=2D
 
from z ¼ 0 to z ¼ Z : C ¼ R=2D* Z−zð Þ2
if z > Z : C ¼ 0
Finally, SOD was calculated from R and Z (Eq. 5).
Denitrification
Denitrification rates were measured after 48 h of incuba-
tion at the experimental temperature (11, 16, 21 or 25 °C),
after 4 h of light irradiance. For these measurements the
microcosms were closed with airtight lids under the water
surface. The water under the lids was enriched with
15N(NaNO3, 98 atom %) to a concentration of 1 mg
15 N l−1, through an airtight septum and gently mixed
using an airtight glass syringe. Water samples were taken
in duplicate through the septum, 15 min and 3 h after
addition of the 15N labelled nitrate. The samples were
stored in 12 ml exetainers until analysis (Labco, High
Wycombe, United Kingdom). Exetainers contained
240 μl (50% w:v) ZnCl2 solution to stop biological pro-
cesses (Dalsgaard 2000). Samples were stored in the dark
at room temperature, and were kept under water to pre-
vent exchange of gasses with the atmosphere. Isotopic
ratios of the produced N2 were measured by membrane
inlet mass spectrometry (MIMS), using an OmniStar Gas
Analysis System (Pfeiffer Vacuum, Asslar, Germany),
equipped with a quadrupole QMS 200 mass spectrometer
with Channeltron detector (Burle Industries), with inlet
described by Schrier-Uijl et al. (2011). Additionally, a
cryogenic trap (−196 °C) was installed before the MS
inlet to remove water vapour and other gasses that could
interfere with measurement of N2 gas (Kana et al. 1994;
An et al. 2001). Ratios between measured gasses and ar-
gon in air-saturated water were used to standardise isoto-
pic ratios and correct for measurement variability, assum-
ing argon concentrations would remain at saturation level
during the measurements. Next, microcosm denitrification
rates were calculated from the increase in 29N2 and
30N2
gas concentration over time, measured in the overlying
water. The production of unlabelled 28N2 is calculated
from the ratio between 29N2 and
30N2 production
(Nielsen 1992). The relative contribution of nitrification-
denitrification and anammox to the N2-production was
evaluated from the ratio of the gasses (Risgaard-Petersen
et al. 2003). Note that the nitrogen addition needed for
this type of denitrification measurements restricts its va-
lidity to non-nitrogen limited systems. Additionally, the
addition of labelled nitrate as the main nitrogen source
for denitrification restricts our conclusions to effects on
denitrification, reducing potential temperature effects on
coupled nitrification-denitrification.
Temperature dependence of denitrification and SOD was
represented by a modified Arrhenius equation:
RT ¼ R20∙θT−20 ð6Þ
With RT and R20 representing the SOD or denitrification
rate at temperature T and 20 °C, respectively, and θ a dimen-
sionless temperature coefficient (Kadlec and Reddy 2001)
which was determined by fitting the model to the experimental
data.
Data Analysis
One-wayAnalysis of Variance with TukeyHSD post-hoc tests
were used to test for the effect of temperature on measured
variables (α = 0.05) after testing for normal distributions.
Statistical analyses were performed using PASW Statistics
20 (IBM, New York, NY, USA).
Results
Oxygen Microprofiles
Measured oxygen microprofiles showed similar patterns
for most microcosms (Fig. 2). Oxygen concentrations
remained more or less constant in the upper part of the
profile, indicating a mixed water column. This was
followed by a sharp decrease of oxygen across the diffu-
sive boundary layer (DBL) and in the top layer of the
sediment, until anoxic conditions were reached. The oxy-
gen penetration depth (Z) varied between 1.4 and 5.0 mm
(Table S1), and decreased with increasing temperature,
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ranging from 4.12 ± 0.66 mm at 11 °C, to 2.08 ± 0.39 mm
at 25 °C (Fig. 3c). There was a significant difference in Z
between 11, 16, 21 °C and 25 °C.
The slopes of the oxygen profiles generally increased
with temperature (Fig. 2), resulting in significantly differ-
ent sediment oxygen demand (SOD) (Fig. 3B). Average
SOD (n = 4) were 0.37, 0.76, 0.94 and 1.53 g m−2 d−1 at
11, 16, 21 and 25 °C, respectively. Relating the SOD to
the actual temperatures in the microcosms by fitting Eq. 2
resul ted in a temperature coeff ic ient θ of 1.09
(SE = 0.017, R2 = 0.818) corresponding with a Q10-value
of 2.4.
Denitrification
Apparent denitrification rates ranged from 8.4 to 86 μmol N
m−2 h−1 (Fig. 3, Table S1). A significant increase in denitrifi-
cation was found with increasing temperature, ranging from
13.8 ± 6.4 μmol N m−2 h−1 at 11 °C to 62.8 ± 15.6 μmol N
m−2 h−1 at 25 °C (Fig. 3A). Fitting Eq. 2 to the denitrification
rates and the actual temperatures in the microcosms resulted in
a temperature coefficient θ of 1.10 (SE = 0.022, R2 = 0.705).
This implies that with one degree warming denitrification
rates increased 10%, corresponding to a Q10-value of 2.6.
Denitrification rates show a significant positive increase with
Fig. 2 Oxygen microprofiles measured in the microcosms at different temperatures
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rising sediment oxygen demand (R2 = 0.70, P < 0.001, Fig.
4a), and significant negative relationship with oxygen pene-
tration depth (Z, R2 = 0.60, P < 0.01, Fig. 4b).
When comparing the ratios of the different isotopic N2-
gasses we found that most of the produced gas was 30N2,
between 88 and 100%, with a lower share at higher tempera-
tures (fig S1), indicating that most of the N2 was derived from
the added 15NO3 and not from nitrification or anammox of
14NH4/ NO2 From these results we conclude that the relative
contribution of coupled nitrification-denitrification and poten-
tially anammox to total N2-production accounted only for 0 to
12%, and increased with warming.
Discussion
In this study we tested the effects of warming on sediment
oxygen dynamics (SOD, Z) and denitrification rates in drain-
age ditch sediments. We found that oxygen penetration depth
decreases with warming, related to enhanced SOD, which is in
agreement with previous findings in marine sediments
(Hancke and Glud 2004), caused by increased respiration ac-
tivity at higher temperatures (Hancke and Glud 2004; Allen
et al. 2005). Oxygen fluxes into the sediment are higher than
those reported by other studies using microprofiles (Kim and
Kim 2007; Hartnett et al. 2008). This can be explained by the
sediments’ characteristics and incubation procedure. Our sed-
iments originated from freshwater ditches and contained about
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8% organic matter, whereas those tested in previous studies
were marine sediments, and contained less than 1%OM, lead-
ing to different biogeochemical properties and less oxygen
consumption due to organic matter degradation. On the other
hand, our oxygen fluxes were lower than reported by Hancke
and Glud (2004), which can be explained by their measure-
ments being in the dark with a strong influence of benthic
microphyte respiration, whereas our measurements were con-
ducted in light conditions. The microprofiles measured in our
study indicate some photosynthesis in the water column, but
within the sediment light availability is low, and we did not
find evidence of benthic photosynthesis. Temperature depen-
dence of SOD (Q10 = 2.4) is well in range with reported
temperature dependences of degradation and respiration
(Allen et al. 2005; Bouletreau et al. 2012).
In lakes and coastal sediments, warming has been found to
lead to shifts from phototrophic to heterotrophic communities
and overall higher mineralization, resulting in higher CO2
emission and less carbon burial (Hancke and Glud 2004;
Gudasz et al. 2010). The increase of SOD and decrease of Z
with warming in our study also point at increased mineraliza-
tion relative to carbon sequestering photosynthesis, indicating
potentially greater CO2 fluxes from agricultural drainage
ditches at higher temperatures. So far, when calculating re-
gional greenhouse gas budgets, these water bodies have hard-
ly been accounted for, although their total surface area within
lowland catchment areas such as the Netherlands approxi-
mates that of shallow lakes or rivers.
Denitrification
The observed denitrification rates compare well to those pre-
viously reported, which are typically in the range of 10 to
500 μmol N m−2 h−1 (Seitzinger 1988; Christensen et al.
1990; Pina-Ochoa and Alvarez-Cobelas 2006; Mulholland
et al. 2008; Veraart et al. 2011). However, comparisons be-
tween denitrification studies using different approaches
should be treated with caution, for example, our methodology
may underestimate rates compared to those using the Isotope
Pairing Technique in sediment slurries. Still, we believe the
set-up used in this study allows for investigating integrated
temperature effects, as oxygen concentration and sediment
nitrogen diffusion remained un-manipulated, and were left to
respond to temperature as well. Denitrification rates increased
with warming; the strength of the temperature response found
in this study is lower (θ = 1.10; Q10 = 2.6) than those observed
for other drainage ditches, but comparable to values measured
in wetlands (Kadlec and Reddy 2001). The weaker tempera-
ture effect indicates that other drivers besides temperature are
of importance in controlling denitrification rates. This corrob-
orates the findings of Brin et al. (2015) and Hanke et al.
(2015), who both showed that availability of organic carbon
is another key determinant controlling denitrification and its
response to warming.
In our experiment nitrate concentrations were set at 1 mg N
l−1 at the start of the denitrificationmeasurements. Under these
conditions nitrate from the water just above the sediment is
expected to be the dominant source of nitrate for denitrifica-
tion (Seitzinger et al. 2006).Interestingly, although NH4 con-
centrations were low in all microcosms (< 0.06 mg NH4-N
l−1), the results suggest a small contribution of coupled-
nitrification and potential for N2 produced by anammox, only
in the 20 and 25 °Cmicrocosms. Ammonium needed for these
processes can be derived from mineralization of organic N
(Seitzinger et al. 1993; Laursen and Seitzinger 2004), and
may indicate higher nitrogen mineralization at higher
temperatures.
Microbial populations change with warming. For example,
in enrichment bioreactors which contained communities de-
rived from marine sediments, warming resulted in changed
denitrification activity and community shifts, from a commu-
nity where fermenters and organisms capable of nitrous oxide
reduction were the dominant organic matter degraders at 10
degrees, to a system dominated by denitrifying populations,
performing the complete denitrification pathway, at 25 de-
grees (Hanke et al. 2015). Thus, Hanke et al. (2015) show that
temperature effects on denitrification rates are not only con-
trolled by oxygen, but also by organic carbon, driven by
changed interactions between fermenting and denitrifying
bacteria. Effects of warming may also depend on the succes-
sional stage of microbial communities, as was observed in
freshwater biofilms (Rysgaard et al. 1994), in which young
biofilms showed increased denitrification rates with warming,
whereas denitrification rates in older biofilms decreased.
Because our measurements were performed within 48 h of
incubation at a certain temperature, our results only reflect
short-term temperature effects. They do not capture long-
term changes in microbial community composition and asso-
ciated biogeochemical effects (Wallenstein et al. 2006), but
will nonetheless reflect effects acting on fast physical-
chemical and enzymatic processes. Thus, there remains a need
for long-term studies in ditches and wetlands, to better under-
stand effects of warming and altered N-influx on the interplay
of oxygen and nitrogen dynamics, and the underlying changes
in microbial community structure and function. Studies on
effects of prolonged warming and altered N-influx on green-
house gas emission will be especially relevant in this respect,
to facilitate improvement of regional greenhouse gas budgets.
Conclusions
Temperature strongly affected sediment oxygen dynamics and
denitrification rates in drainage ditch sediments. Warming led
to higher sediment oxygen demand and shallower oxygen
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penetration into the sediment. Denitrification rates increased
exponentially with temperature, and were strongly related to
both sediment oxygen demand and penetration depth. Our
results show how different physical, chemical and microbial
processes interact to change oxygen fluxes and denitrification
under different warming regimes. Since many other processes
in the sediment are regulated by oxygen availability the ob-
served mechanisms are likely to affect other biogeochemical
cycles (i.e. phosphorus, iron and sulphur) in a similar manner,
which should be taken into account when predicting temper-
ature effects on freshwater ecosystems.
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